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Ex vivo gene therapy (GT) is a promising treatment for in-
herited genetic diseases. An ideal transduction protocol should
determine high gene marking in long-term self-renewing he-
matopoietic stem cells (HSCs), preserving their repopulation
potential during in vitro manipulation. In the context of the
improvement of a clinically applicable transduction protocol,
we tested prostaglandin E2 (PGE2) as a transduction enhancer
(TE). The addition of PGE2 shortly before transduction of
human CD34+ cells determined a significant transduction in-
crease in the in vitro cell progeny paralleled by a significant
reduction of their clonogenic potential. This effect increased
with the duration of PGE2 exposure and correlated with an in-
crease of CXCR4 expression. Blockage of CXCR4 with
AMD3100 (plerixafor, Mozobil) did not affect transduction ef-
ficiency but partially rescued CD34+ clonogenic impairment
in vitro. Once transplanted in vivo in a competitive repopula-
tion assay, human CD34+ cells transduced with PGE2 contrib-
uted significantly less than cells transduced with a standard
protocol to the repopulation of recipient mice, indicating a
relative repopulation disadvantage of the PGE2-treated
CD34+ cells and a counter-selection for the PGE2-treated cell
progeny in vivo. In conclusion, our data indicate the need for
risk/benefit evaluations in the use of PGE2 as a TE for clinical
protocols of GT.

INTRODUCTION
Prostaglandin E2 (PGE2) has long been investigated as a hematopoietic
regulator in vertebrates, having both inhibitory and stimulatory effects
depending on cell type and the timing of cell exposure.1 The use of this
molecule in experimental hematology startedwith the observation that
short-term pulse exposure (two hours) of murine bone marrow (BM)
cells to dmPGE2 (16,16-dimethyl PGE2), a stabilized PGE2 molecule,
enhances hematopoietic stem/progenitor cell (HSPC) homing to the
marrow, as evaluated 20 h after cell injection.2 Subsequent studies sug-
gested that this phenomenon was related to a temporary increase of
CXCR4 surface expression on HSPCs, favoring chemotaxis to the
BM niche through the CXCR4/stromal derived-cell factor 1 axis.3 A
subsequent phase I clinical study of allogeneic HSPC transplantation
investigated the effects of short-term exposure to PGE2 on human
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cord blood (CB) CD34+ cell engraftment capability over unmanipu-
lated CB cell batches, aiming at improving neutrophil recovery in pa-
tients.4 Although the study demonstrated the safety of cell treatment, it
could not demonstrate a clear beneficial effect of PGE2 stimulation on
neutrophil engraftment. Despite the lack of clear effects of PGE2 stim-
ulation on engraftment and differentiation of human CB CD34+ cells,
the clinical study enlightened the biopotency of PGE2 on human
HSPCs: after two hours of treatment, an upregulation of as many as
�200 genes (probe sets) involved in key biological processes such as
proliferation, migration, and multiple receptors signaling was seen
on the treated cells. A later extended analysis of PGE2-treated murine
hematopoietic grafts in a serial transplantation setting demonstrated
that PGE2does not affect long-termHSPC engraftmentfitness, lineage
differentiation, or proliferative potential.5 Finally, additional studies
administering PGE2 in vivo in mice (by repetitive administrations)
demonstrated that PGE2 expands short-termmultipotent progenitors,
provides an initial enhancement of donor-cell engraftment subse-
quently lost in the long term in competitive transplantation assays,
and ultimately does not affect long-term hematopoietic stem cell
(HSC) abundance, lineage commitment, or differentiation.6

Recently, PGE2 has been proposed as a lentiviral vector (LV) trans-
duction enhancer (TE) for ex vivo gene therapy (GT) applications.
Most TEs operate with a biochemical mechanism aimed at facilitating
viral particle contact with the target cells. On the contrary, PGE2 has a
biological mechanism of action, likely happening at a post-entry level7

and still mostly unknown. Addition of 10 mM PGE2 shortly before
vector addition significantly increases the transduction efficiency of
human HSPCs, as shown by integrated vector copy number (VCN)
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measurement on their in vitro progeny and, more controversially, of
long-term repopulating human HSCs, as seen in vivo in xenotrans-
plantation experiments.7–10 Moreover, recent in vitro data showed
that LV transduction of human CD34+ cells with PGE2 determines
a significant decrease in the abundance of the most primitive, bona
fide repopulating CD34+/CD90+ HSCs within the transduced popu-
lation.11 All together these preclinical data may suggest that PGE2
preferentially increases the VCN of short-term progenitors rather
than long-term repopulating HSCs.

PGE2 is currently used as a TE in GT clinical studies for b-hemoglo-
binopathies (HBG-207 andHGB-206)12,13 and forHurler syndrome,14

and interim results have been recently published. In clinical studies for
sickle cell disease (HGB-206) andb-thalassemia (HGB-207), investiga-
tors started the trials with an original cell manufacturing process not
including TEs and then refined it by adding PGE2. By these means,
the investigators obtained a significantly higher VCN in the drug prod-
ucts and in the patients’ peripheral blood (PB) mononucleated cells at
the latest follow-up.12,15 However, in the HGB-206 study, they
observed a decrease in the frequency of high-VCN progenitors in the
PB and BM patient samples compared with the infused cell product,
suggesting that high-VCN progenitors may not have contributed to
the engrafted gene-modified cell populations in the long term.16 In
the clinical study for b-thalassemia, despite a higher VCN obtained
with PGE2, investigators did not describe an overt clinical advantage
compared with the original protocol.12 In the Hurler syndrome trial,
investigators similarly measured a decrease of VCN from the drug
product to the BM and PB cells evaluated at two-year follow-up14

that showedVCNs comparablewith those observed in patients affected
by similar conditions and treated with GT products manufactured
without PGE2.17–19 In terms of long-term engraftment, Gentner
et al.14 reported�47% of vector-positive BM-derived colony-forming
cells (CFCs) at a maximal follow-up of 12 months versus an average of
55% with the original protocol lacking PGE2.19

To obtain information that could help determine the actual indication
for PGE2 use in manufacturing GT products for the clinics, we inves-
tigated in vitro, in vivo (in a competitive xenotransplantation setting),
and ex vivo the effects of PGE2 use as TE on the clonogenic potential
and repopulation capacity of human mobilized PB (mPB) CD34+

HSPCs in comparison with cells transduced with a standard protocol
not using TEs (STD).17

RESULTS
PGE2 robustly increases HSPC transduction by LVs in vitro, but

reduces clonogenic potential of the treated cells

HumanCD34+ cells derived from granulocyte colony-stimulating fac-
tor (G-CSF) mPB of healthy donors were mock transduced or trans-
duced with a LV designed for the GT of neuronal ceroid lipofuscinosis
(LV.PPT1co)20 in STD17 or with the addition of PGE2 to the standard
transduction cocktail, used with a timing and concentration previ-
ously demonstrated to enhance LV transduction (10 mM, added two
hours before transduction).8 To further test the effect of PGE2 on
cell culture and transduction, we also anticipated its use to the time
2 Molecular Therapy: Methods & Clinical Development Vol. 31 Decemb
of thawing. One or two hits of overnight transduction at a multiplicity
of infection (MOI) of 100were performedwith LV.PPT1co. After each
transduction, cells were washed and maintained in liquid culture as a
bulk cell population for two weeks and as individual hematopoietic
progenitors in semi-solid medium for a CFC assay to evaluate clono-
genic potential. As expected, LV transduction efficiency, determined
as the number of integrated vector copies (VCN)/cell on the 14 day
liquid and semi-solid culture progeny of the transduced cells, was
significantly increased by PGE2 addition 2 h before virus addition
but not by a longer pre-stimulation (Figure 1A). However, transduc-
tion in the presence of PGE2 resulted in a significant reduction of
the in vitroCD34+ cell clonogenic potential on CFC assay (Figure 1B).
This detrimental effect of PGE2 stimulation was dependent from the
duration of the stimulation and not from an over-transduction
toxicity, as cells incubated with PGE2 from thawing (�40 h) produced
1/3 fewer colonies than the STD at a comparable VCN (Figure 1B).

CXCR4 antagonist I rescues the detrimental effect of PGE2 on

HSPC clonogenic potential

As CXCR4 is a well-known target of PGE2 and is involved both in
viral infection and stem cell biology, we investigated the effects of
CXCR4 modulation in our experimental conditions. Two indepen-
dent LV transductions at an MOI of 100 were performed on human
CD34+ cells from G-CSF mPB of healthy donors. Cells were trans-
duced in the presence or absence of PGE2, added at the thawing or
two hours before transduction, with or without the addition of the
CXCR4 antagonist I AMD3100 (10 mM). Cells were analyzed for
CXCR4 expression using cytofluorimetry at thawing and immediately
before and after transduction (Figure 1C), when the cells were washed
and plated as a bulk population in liquid culture or as individual he-
matopoietic progenitors in a CFC assay. At thawing,�90% of the cells
were CXCR4+ (Figure S1) with amean fluorescence intensity (MFI) of
approximately 800 (Figure 1C). After 24 h of pre-activation in STD,
CXCR4 expression was stable, but MFI almost doubled compared
with thawing when PGE2 was added to the incubation media in the
2 h before initiating transduction (Figure 1C). Cells incubated with
PGE2 from thawing (PGE2long in Figure 1C) were virtually all
CXCR4+ (Figure S1) and showed a�6-fold higher CXCR4 expression
level than the condition without PGE2. Previously published
data indicate that CXCR4 antibody (clone 12G5) competes with
AMD3100 for binding to CXCR4.21 Indeed, addition of AMD3100
to the cell samples resulted in an apparent reduction of CXCR4
expression level (Figures 1C and S1), confirming the binding of the
drug to CXCR4. After the overnight transduction, cells incubated
with PGE2 2 h before transduction showed a further 2.3-fold increase
of CXCR4 expression, while cells incubated with PGE2 from thawing
significantly downregulated it. VCN measurement on the transduced
cells showed that AMD3100 did not compromise the PGE2 effect on
transduction (Figure 1D). Rather, importantly, it reversed the effect of
PGE2 in reducing the CD34+ cell clonogenic potential, as shown by
the CFC assay (Figure 1E).

To confirm these observations, we evaluated the effects of PGE2 over
different times of incubation. A pool of CD34+ cells derived from two
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Figure 1. PGE2 increases lentiviral transduction and CXCR4 expression and reduces HSPC clonogenicity

Transduction efficiency (A) and CFC assay (B) of human CD34+ cells transduced with PGE2, added two hours before transduction (PGE2) or at cell thawing (PGE2long)

compared with a standard condition (STD). (C) Expression level (mean fluorescence intensity) of CXCR4 in human CD34+ cells at thawing and before and after LV trans-

duction with or without AMD3100, a CXCR4 antagonist. N = 3 independent experiments; mean (SD) is shown. (D) Transduction efficiency and (E) CFC assay performed in the

presence of AMD3100. (A), (B), (D), and (E) refer to a single experiment performed in triplicate, with additional replicates for SD and PGE2 conditions. Mean (SD) is shown, and

statistical significance was determined using one-way ANOVAwith multiple pairwise comparisons (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001; ns, not significant).
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healthy donors were incubated with or without PGE2, in the presence
or absence of AMD3100 and analyzed after 2, 6, 24, 36, and 48 h. We
chose 48 h as the maximal incubation time consistent with the longest
timing for in vitro cell manipulation in GT clinical transduction pro-
tocols. At each time point, we performed a CFC assay in duplicate, a
cell growth curve, and a cytofluorometric analysis of CXCR4 expres-
sion. Consistent with the data above, also in this setting at each time
point, including the shorter incubation of only 2 h, cells incubated
with PGE2 generated significantly fewer (p < 0.0134, two-way
ANOVA) colonies compared with cells cultured in STD (Figure 2A).
As above, also in these experimental conditions, the addition of
AMD3100 rescued the clonogenic potential of the PGE2-treated
HSPCs. To follow the cell growth rate, 5 � 104 cells were collected
at each time point and cultured for 12 days in expansion medium,
counting them every other day starting from day 5 from plating.
PGE2 barely affected the cell growth rate but caused significantly
lower cell recovery at the end of the culture (Figure 2B), an effect
that was partially rescued by concomitant AMD3100 administration.
Molecular T
Cytofluorimetric analysis confirmed the binding of AMD3100 to the
CXCR4 receptor for the whole experiment duration as per the result-
ing apparent reduction of CXCR4 expression (Figure 2C).

PGE2 reduces the HSPC long-term repopulation potential

To assess whether PGE2 would have an effect not only on colony-
forming progenitors but also on LT-HSCs, we evaluated the
expression of HSC markers on STD vs. PGE2-treated cells using cy-
tofluorimetry. Interestingly, this analysis revealed that among other
tested markers (CD133, CD45RA, CD38, and CD90; Figure S2) the
expression of CD90 was significantly reduced in the CD34+ cells
cultured in the presence of PGE2 in comparison with cells treated
with STD (Figure 3A). On the basis of this early evidence, we moni-
tored the fate of PGE2-treated cells in vivo. We performed a compet-
itive transplantation assay in immunodeficient NBSGW mice
(NOD.Cg-KitW-41J Tyr+ Prkdcscid Il2rgtm1Wjl/ThomJ) that have an
additional deletion in c-Kit compared with standard NSG mice and
do not require myeloablation to support human cell engraftment.
herapy: Methods & Clinical Development Vol. 31 December 2023 3
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B Figure 2. AMD3100 rescues the detrimental effect of

prostaglandin E2 on HSPC clonogenic potential

Time course CFC assay (A), cell growth curve (B), and

percentage of CXCR4+ (C) CD34+ cells after 2, 6, 24, 36,

and 48 h of incubation with PGE2 with or without

AMD3100. Mean (SD) is reported, and statistical

significance was determined using two-way ANOVA

with multiple pairwise comparisons (**p < 0.01; ns, not

significant). In (A), adjusted p = 0.0012 (**) between STD

and PGE2, and adjusted p = 0.0105 (*) between PGE

plus AMD3100 and PGE2 were determined at 48 h.

Molecular Therapy: Methods & Clinical Development
We used this murine model to investigate the cell-intrinsic engraft-
ment capability of human HSPCs transduced with or without
PGE2, in the absence of additional signals deriving from a condi-
tioned BM niche possibly modulating cell homing or engraftment.
Three independent transductions (TD1, TD2, and TD3) were per-
formed on human mPB CD34+ cells derived from four healthy do-
nors (TD1 and TD2 corresponded to two individual donors, while
TD3 cells were derived from a pool of two different donors) with mul-
tiple viral vector batches. Cells were thawed, pre-activated for 24 h,
and transduced overnight in STD or in the presence of PGE2 with
or without AMD3100 added two hours before transduction, with
an LV expressing a green (GFP) or a red (Cherry) monomeric fluores-
cent protein. After�40 h of in vitro culture inclusive of transduction,
cells were collected, washed, counted, and immediately transplanted
intravenously in NBSGW mice according to a competitive design.
In particular, each recipient mouse received a total of 3 � 105

CD34+ cells by intravenous injection, 50% of which were transduced
with LV.GFP in STD condition and 50% with LV.Cherry in STD con-
dition (control group A, N = 7), with the addition AMD3100 (control
group B, N = 8), with the addition of PGE2 two hours before trans-
duction (group C, N = 8), or with PGE2 plus AMD3100 added two
hours before transduction (group D, N = 8). Three additional control
groups included untreated (UT) mice (N = 3) or animals transplanted
in a non-competitive setting, receiving 3 � 105 CD34+ cells trans-
duced with LV.GFP in STD (group E, N = 3) or with PGE2 (group
F, N = 3), respectively (Figure 3B). Part of the cells were used for a
cytofluorimetric analysis of CD34 and CXCR4 expression, main-
tained in liquid culture as a bulk population, or plated as individual
progenitors for a CFC assay. At transplantation, virtually all the cells
were CD34+ (Figure S3A), andR80% of the cells were CXCR4+, with
4 Molecular Therapy: Methods & Clinical Development Vol. 31 December 2023
cells transduced with PGE2 showing the highest
CXCR4 MFI (Figure S3B). Two weeks post-
transduction, pools of progenitors and liquid
cultures were collected to determine the trans-
duction efficiency by cytofluorimetric analysis
of GFP expression (Figure S4A) and VCN eval-
uation. We obtained a different transduction
level in the three independent transductions,
ranging from a low level in TD3 (<40% LV+

cells), to an intermediate level in TD1 (80%–
94% LV+ cells), to a very high level in TD2,
with virtually all the cells transduced (Figure S4A). Consistently,
average VCN value range was 0.4–1.2 in TD3 cells, 3–5 in TD1 cells,
and 7–10 in TD2 cells (Figure 3C). This differential transduction ef-
ficiency was likely due to the use of CD34+ cells derived from different
donors and multiple viral vector batches in the three TDs. The overall
number of CFCs was comparable in the three cell products, except for
a trend toward reduced clonogenic potential in cell samples trans-
duced with PGE2, as expected (Figure S4B).

After transplantation, human cell chimerism and hematopoietic
composition were assessed monthly in the PB of the transplanted
mice using cytofluorimetry (Figure 3D). At the end of the study
mice were sacrificed, and the hematopoietic organs (BM, PB, spleen,
and thymus) were collected and processed to determine human cell
engraftment, VCN, and hematopoietic reconstitution. Thymi were
generally poorly developed or completely absent in most of the ani-
mals. Human cell engraftment was defined as fraction of human
CD45+ cells within murine hematopoietic cells, and we considered
as engrafted mice with R0.1% and 1% of human CD45+ cells in
the PB and BM, respectively. Robust human cell engraftment was
measured in the hematopoietic organs (PB, BM, and spleen) of
mice receiving TD1 and TD3 cells, while a variable low level was
observed in mice receiving TD2 cells (Figures 3E, 4A, and 4E),
possibly related to a transduction-related effect. To calculate the
contribution to the human CD45+ cells of the STD-GFP vs. Cherry
cell progeny, the GFP/Cherry ratio was determined using cyto-
fluorimetry and compared with the actual cell ratio at the infusion
on the basis of the precise percentage of GFP+ and Cherry+ cells in
each cell product. Interestingly, for all the tested organs, the GFP/
Cherry ratio remained unchanged in the reference groups A and B,
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Figure 3. Competitive transplantation of human HSPC transduced with PGE2 in NBSGW mice

(A) Fraction of primitive CD90+CD34+ cells at thawing and after transduction with or without PGE2; mean (SD) is reported with statistical significance calculated using

unpaired t test (**p < 0.01). (B) Scheme of the in vivo study: human CD34+ cells were transduced with an LV expressing GFP or mCherry with or without PGE2 and

transplanted in competitive or non-competitive setting into immunodeficient NBSGW mice. (C) Vector copy numbers obtained in the in vitro liquid culture of the three

transduced cell batches (TD1, TD2, and TD3) two weeks post-transduction. (D) Human cell chimerism (mean only) in the peripheral blood of transplanted mice over time,

determined as fraction of human CD45+ cells. Human cell chimerism (E) and GFP+/Cherry+ (F) cell composition in the peripheral blood of individual mice at sacrifice. In (E),

median is reported, while in (F) mean (SD) is reported, and statistical significance was calculated using the c2 test with Yates’s correction (ns, not significant; **p < 0.01 and

****p < 0.0001).
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while a significant relative reduction of Cherry+ cells, transduced with
PGE2, was observed in mice of group C in favor of the STD-GFP cell
compartment (Figures 3F, 4B, and 4F). AMD3100 addition (group D)
only partially rescued the PGE2 effect in the PB and in the spleen
(Figures 3F and 4F). A human CFC assay performed on the total
BM cells at sacrifice resulted in a comparable number of human pro-
genitors in all the groups, with fewer colonies obtained from the BM
of mice receiving TD2 cells, characterized by the highest VCN values,
as in the infused cell product (Figure S5A). In the BM of transplanted
mice, the composition of human hematopoietic cells in the different
lineages remained substantially unchanged, with most of the cells
showing a B lymphoid (40%–80%) and myeloid (20%–25%) pheno-
type (Figure S5B). Measurement of the VCN of the human cells en-
grafted in the mice (BM and BM-derived colonies, Figures 4C and
4D) showed values consistent with those detected in the infused cell
products.
Molecular T
LV integration profile in human NBSGW-repopulating cells

derived from CD34+ transduced with PGE2

The LV integration pattern in the cells transduced in the presence of
PGE2 was investigated in vitro in human CD34+ cells (TD1 cells)
and in vivo in the sorted GFP+ and Cherry+ cells collected from
the BM of four representative mice receiving TD1 cells, i.e., mice
#A2_1 and #A2_3 (group A) and mice #C1_1 and #C1_2 (group
C) (Figure 5A). The aim of the analysis was to detect any possible
alteration of the normal LV integration pattern related to PGE2
stimulation, i.e., an unusual set of LV-targeted genes or an unex-
pected clonal abundance, skewing, or selection happening in vivo,
taking advantage of the LV integration as a genetic marker of
the original repopulating HSCs. LV integration sites (ISs) were
recovered by ligation-mediated PCR (LM-PCR) followed by
high-throughput Illumina sequencing, as previously described,22

followed by established bioinformatic processing including a step
herapy: Methods & Clinical Development Vol. 31 December 2023 5
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Figure 4. PGE2 reduces the HSPC long-term repopulation potential

Human cell chimerism (A) and GFP+/Cherry+ (B) cell composition in the bone marrow of individual mice at sacrifice. Human-cell VCN calculated in the total BM cells at

sacrifice (C) and in the pool of human CFCs derived from the BM of individual mice (D). Human cell chimerism (E) and GFP+/Cherry+ (F) cell composition in the spleen of the

transplanted mice at sacrifice. In (A), (C), (D), and (E), the median is shown. In (B) and (F), mean (SD) is shown, and statistical significance was calculated using the c2 test with

Yates’s correction (ns, not significant; ****p < 0.0001).
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of collision/contamination filtering.17 We obtained 7,789 and 5,477
univocal ISs mapped on the human genome (National Center for
Biotechnology Information [NCBI] Hg38) in TD1-STD and TD1-
PGE2 cell samples, respectively. To increase the strength of our
comparative analysis, we included an additional sample of CD34+

cells transduced with PGE2 (TD2-PGE2) including 13,506 ISs and
a large reference dataset of 67,884 ISs previously retrieved by mul-
tiple samples of G-CSF mPB CD34+ HSPCs transduced in STD with
clinically relevant LVs (CCL-SIN-18-WPRE backbone).22,23 To
build an in vivo IS dataset, BM mononucleated cells of mice A2_1
and A2_3 and C1_1 and C1_2 were sorted for GFP and Cherry us-
ing a fluorescence-activated cell sorter immediately after sacrifice.
Approximately 1 million GFP+ and Cherry+ cells were obtained
with a >99% of purity. Genomic DNA (gDNA) was extracted
and used for VCN determination and LM-PCR. The resulting
VCNs were consistent with the infused cells, with relatively higher
VCN values observed in PGE2-Cherry+ cells of group C mice
(Table S1).
6 Molecular Therapy: Methods & Clinical Development Vol. 31 Decemb
We did not observe a different genomic IS distribution than expected
either in vitro and in vivo, with most of the LV integrations targeting
gene introns and the fraction of intergenic ISs increasing in vivo
(�29%) with respect to the cultured CD34+ cells (18%) (Figure 5B),
suggesting an in vivo counter-selection for intragenic integrations
already observed in other preclinical studies.22,24 Seventy percent of
the target genes identified in CD34+ cells transduced with PGE2
were already identified as preferential targets of LV integration and
included in our large reference dataset of 67,000 ISs covering 9,304
genes (Figure S6A). A biological function analysis performed by
Gene Ontology Enrichment software25 revealed no difference in the
TD1-STD and TD1-PGE2 target gene lists (Figure 5C), with most
of the enriched functional categories related to nucleic acid and pro-
tein metabolism, cell organization, and immune response. Among the
104 top 1% most targeted genes in PGE2 cell samples (TD1 + TD2),
30 genes were already identified as well-known preferential LV target
genes described in multiple preclinical22–24 and clinical17,26–28 studies
(e.g.,DACH1, FANCA, FCHSD2,KDM2A,NPLOC4, PACS1). A word
er 2023
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Figure 5. PGE2 does not alter the canonical lentiviral vector integration profile in human HSPCs

(A) Schematic view of the lentiviral vector integration site analysis. (B) Genomic distribution of the vector integration sites in analyzed cell samples; mean (SD) is shown. (C)

Gene Ontology categories significantly enriched in the list of LV-target genes in the in vitro progeny of transduced CD34+ cells. (D) Word cloud graph showing the top 1% LV

target genes in the in vitro progeny of CD34+ cells transduced in standard conditions (left) and with PGE2 (right); the color of the words is random, while their size is pro-

portional to the relative integration frequency. (E) Histogram plots representing individual cell clones with a read count greater (colored) or lower than 3% of total reads,

retrieved in the sorted GFP+ or Cherry+ BM cells of the individual analyzed mice.

www.moleculartherapy.org
cloud graph showing the top 1% LV target genes in CD34+ cells trans-
duced in standard (left) and with PGE2 (right) is shown in Figure 5D.

From the BM GFP+ and Cherry+ cells we obtained �400 to 1,000
unique ISs in each individual sample. The overall fraction of original
reads accounting for a particular IS was used as a surrogate readout of
the relative abundance of a cell clone harboring a particular integra-
tion. Almost every IS-marked cell clone accounted for only a small
fraction of the total clones, similarly in the STD and PGE2 BMs,
with only a few clones occasionally accounting for >3% of the reads
(Figure 5E), without any evidence of clonal recurrence in different
samples. By an enrichment pathway analysis performed with Reac-
tome29 on the genes targeted in the most abundant cell clones, no
pathway resulted significant enriched after multiple comparison
correction (Tables S2 and S3).
Molecular T
We finally assessed the occurrence of LV integration bias for known
oncogenes at the time of transduction or an in vivo selection of clones
harboring integrations in oncogenes, which may potentially confer
growth advantage. As a result, no difference in the percentage of target
oncogenes was found in the CD34+ cell progeny either in vitro (14%
STD and 13% PGE2; Figure S6B) and in vivo, where 13%–18% of
the most abundant cell clones carried insertions in known oncogenes,
independently from the transduction conditions (Figure S6C). From
these results we concluded that no alterations in the normal LV inte-
gration pattern, gene selection, or clonal dominance events occurred
in CD34+ cells transduced with PGE2 and in their in vivo progeny.

DISCUSSION
The ideal HSPC transduction protocol for GT applications minimizes
cell manipulation; preserves the cell clonogenic potential, engraftment
herapy: Methods & Clinical Development Vol. 31 December 2023 7
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capability, and multi lineage repopulation ability; and allows an
adequate VCN in long-term repopulating HSCs. PGE2, a powerful
bioactive lipid, has been proposed as a promising molecule first to in-
crease human HSPC engraftment ability, then as lentiviral TE.
Although it has been extensively demonstrated that PGE2 addition
to media used for LV-mediated transduction of human CD34+ cells
efficiently increases the lentiviral VCNmeasured on their in vitro prog-
eny in multiple preclinical7–10 and clinical studies,12,14,15 it remains
debated if a solid transduction advantage is seen also on long-term re-
populating HSCs.16

Our study was conducted as part of transduction protocol optimiza-
tion efforts for clinical application of HSCGT andwas focusedmainly
on the potential effects of PGE2 used as TE in a single-hit version of a
transduction protocol successfully used in multiple previous clinical
studies.17,26 After transducing mPB CD34+ cells in the presence or
absence of PGE2, we investigated the long-term effects of PGE2 on
the transduced cell in vitro clonogenic potential and on the in vivo re-
population capacity by a competitive repopulation assay in human-
ized immunodeficient mice. As expected, lentiviral transduction
with PGE2 significantly increased the VCN of the CD34+ myeloid
cell progeny in vitro. Concomitantly, however, transduction with
PGE2 significantly reduced the cell clonogenic potential with respect
to cells transduced without PGE2. Although a higher VCN was ob-
tained only when PGE2 was administered two hours before transduc-
tion (and not since thawing), the impairment of the HSPC clonogenic
potential was of increasing severity at prolongation of PGE2 expo-
sure. Interestingly, a time-dependent significant increase in CXCR4
surface expression was noticed in cells exposed to PGE2. These find-
ings let us hypothesize the existence of a potential correlation between
CXCR4 overexpression and transduction efficiency. By co-adminis-
tering PGE2 and AMD3100, a powerful CXCR4 inhibitor, we demon-
strated the absence of such a correlation. However, we noticed that
co-administration of AMD3100 with PGE2 allowed preserving
CD34+ cell clonogenicity.

Actually, AMD3100 addition alone to the culture medium increased
the number of colonies in the CFC assay, even compared with the
STD protocol. This observation may suggest that a fine-tune regula-
tion of the levels of CXCR4 surface expression is key for the mainte-
nance of a physiological HSPC homeostasis, as its dramatic and sus-
tained overexpression could be detrimental to this process. Notably,
reduction of CXCR4 expression30,31 has been associated to enhanced
BM engraftment of human HSCs.30,31

In the in vivo study, mPB CD34+ cells from multiple donors were
transduced overnight with or without PGE2 with an LV expressing
GFP (STD) or Cherry (PGE2), and competitively transplanted
(fifty-fifty) in humanized NBSGW mice. By testing cell products at
increasing VCN (low, intermediate, and very high), we could discrim-
inate the effects of a high VCN/transduction level alone from the
PGE2-specific effects. Four months post-transplantation, all animals
showed a satisfying human cell chimerism in the BM (>80%) except
the animals that received the cell product with the highest VCN (TD2;
8 Molecular Therapy: Methods & Clinical Development Vol. 31 Decemb
average VCN � 9), likely an effect of over-transduction. Indepen-
dently from the overall human cell chimerism, we noticed that the
GFP/Cherry cell composition of the BM, PB, and spleen was in favor
of the GFP+ cell compartment, suggesting that in a challenging
competitive setting, CD34+ cells transduced in the presence of
PGE2 could be disadvantaged in engraftment and/or long-term repo-
pulation of the host. This evidence was confirmed in the peripheral
hematopoietic organs, namely, PB and spleen. This observation is
in line with the significant reduction of primitive CD34+/CD90+

HSCs that we, and other investigators,11 detected by cytofluorimetric
analysis following PGE2 exposure. Differently from what observed
in vitro at CFC assay, temporary blockage of CXCR4 by AMD3100
administration did not rescue the PGE2-mediated repopulation
disadvantage in vivo, supporting the hypothesis that this latter
phenomenon is likely due also to additional/more complex cell alter-
ations. Interestingly, cells transduced in the presence of AMD3100
were able to repopulate NGSBW mice (group B mice in the study)
as cells transduced in STD. This finding is in line with the data pro-
duced by Kollet et al.32 showing efficient NSG repopulation with
CXCR4�/low human CD34+ HSPCs, describing a finely regulated
turnover between its intracellular and surface expression. Notably,
mice receiving CD34+ cells transduced STD or with PGE2 and trans-
planted in a non-competitive setting, showed a comparable, high hu-
man cell chimerism (�80%). Thus, these data confirm an overall still
acceptable safety of the transduction with PGE2 but highlight a
limited, but existing, relative repopulation disadvantage associated
to the cell treatment that is exacerbated by a competitive and chal-
lenging setting. High VCN values may synergistically contribute to
this phenomenon, as a repopulation unbalance in favor of STD-
GFP+ cells was observed only in mice receiving cells VCN>3 (TD1
and TD2), not in mice receiving TD3 cell product (VCN < 1). How-
ever, in mice receiving TD2, transduced at saturation both with and
without PGE2 (VCN� 9), STD-GFP cells gave the greatest contribu-
tion to BM repopulation (>90% of total human cells), suggesting over-
all better fitness. We may thus speculate that LV transduction in the
presence of PGE2 may have triggered cellular alterations, likely at
genetic or epigenetic level, of HSPCs that could have affected their
clonogenic potential in vitro and their repopulation capacity in vivo.
Of note, by analyzing the LV integration characteristics in CD34+

cells transduced with PGE2 in vitro and in their repopulating progeny
in vivo, we did not observe any substantial alteration with respect to
the usual LV integration pattern and target gene set.

Overall, considering the significant reduction of CD34+ cell clono-
genic potential in vitro, the relative repopulation disadvantage of cells
transduced with PGE2, and the sustained alteration of CXCR4
expression with unknown long-term consequences, we did not
conclude in favor of a modification of our current transduction pro-
tocol with the addition of PGE2.

MATERIALS AND METHODS
Human cell culture and transduction

Human CD34+ cells from healthy donors were purchased from
AllCells. After thawing, cells were pre-activated for 24 h in GMP
er 2023
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SCGM medium (CellGenix) added of a human recombinant cyto-
kines cocktail (PeproTech, Inc.), as previously published.17 Three
hundred thousand cells were transduced overnight in the same me-
dium (defined as STD) at an MOI of 100. PGE2 (MP Biomedicals)
and/or AMD3100 (Merck Millipore Calbiochem) was added in the
culture medium 2 h before transduction (or at thawing when indi-
cated) at a concentration of 10 mM. Cells were transduced with a ther-
apeutic SIN LV33 or an equivalent LV carrying a gene encoding a GFP
or Cherry protein under the transcriptional control of the human
phosphoglycerate kinase gene (PGK) promoter. After transduction,
cells were washed and maintained in liquid culture in Iscove’s modi-
fied Dulbecco’s medium (IMDM; Sigma-Aldrich) with fetal bovine
serum (10%; Gibco-Thermo Fisher Scientific) and human SCF
(0.3 mg/mL), IL-3 (0.06 mg/mL), and IL-6 (0.06 mg/mL) cytokines
(all PeproTech Inc.). CFC assay from CD34+ cells was performed
by plating 1,000 cells/mL of MethoCult H4435 Enriched medium
(STEMCELL Technologies Inc.) in duplicate. CFC assay from total
BM cells was performed by plating 150,000 cells/mL of MethoCult af-
ter erythrocytes lysis with ACK (ammonium-chloride-potassium)
buffer (ammonium chloride 8,290 mg/L, potassium bicarbonate
1,000 mg/L, and EDTA 37 mg/L). Two weeks later, colonies were
counted and collected as a pool for gDNA extraction, together with
cells maintained in liquid culture. gDNA extraction was performed
with DNeasy Blood & Tissue Kit (QIAGEN). gDNA (20 ng) was
used for VNC determination by duplex digital droplet PCR (Bio-
Rad) following the manufacturer’s instructions, with specific primers
annealing on the viral Psi (forward sequence: TGAAAGCGAA
AGGGAAACCA; reverse sequence: CCGTGCGCGCTTCAG; probe
sequence: AGCTCTCTCGACGCAGGACTC) and on the human
ALB gene as a reference (forward sequence: GCTGTCATCTCTT
GTGGGCTGT; reverse sequence: ACTCATGGGAGCTGCTGG
TTC; probe sequence: CCTGTCATGCCCACACAAATCTCTCC).

Transplantation of human cells

Six to 8-week-old female NBSGW mice (stock #026622)34 were pur-
chased from Jackson Laboratory (Bar Harbor, ME) and maintained
at the Dana-Farber Cancer Institute animal research facility. Pro-
cedures involving animals and their care were conducted in confor-
mity with the institutional guidelines according to the international
laws and policies (NIH Guide for the Care and Use of Laboratory
Animals, U.S. National Research Council, 1996). The specific proto-
cols covering the studies described in this paper (15-031) were
approved by the Dana-Farber Cancer Institute Animal Care and
Use Committee. After 24 h of pre-activation and an overnight trans-
duction (for a total of �40 h of in vitro culture), human CD34+ cells
transduced with LV-GFP or LV-Cherry were washed, counted,
pooled fifty-fifty in a total of 3 � 105 cells in 100 mL PBS, and
immediately injected in mouse tail vein. Mice were maintained for
16 weeks post-transplantation, and blood collection was performed
at 4, 8, and 12 weeks and at sacrifice for evaluating human cell
chimerism and composition by cytofluorimetric analysis. At sacri-
fice, mice were euthanized under deep anesthesia. BM, spleen, and
thymus were collected and differentially processed. BM cells were
collected by flushing the femurs with PBS 2% FBS. Spleen and
Molecular T
thymus cells were mechanically disaggregated to obtain a single-
cell suspension in PBS 2% FBS.

Flow-cytometric analysis

For cytofluorimetric analysis of stem and progenitor composition of
human CD34+ cells cultured in STD conditions or in the presence of
AMD3100 and PGE2, 1 � 105 cells were suspended in blocking
solution (PBS 5%, 1% BSA) and labeled at 4�C for 15 min with the
following human specific antibodies: CD34 PB (1:40; #343512),
CD38 PE/Cy5 (1:40; #303507), CD90 AF700 (1:40; #328119),
CD133 PE (1:10; #372803), CD184 (CXCR4) APC/Cy7 (1:40;
#306527) (all from BioLegend); CD45RA APC-H7 (1:20; #560674;
BD Pharmingen). Cells from BM, spleen, and thymus were analyzed
by flow cytometry upon re-suspension in blocking solution (PBS 5%
FBS, 1% BSA) and labeling at 4�C for 15 min with the following spe-
cific antibodies: CD13 PE (1:40; #555394), CD3V500 (1:20; #561416),
CD19 PE/Cy7 (1:80; #557835), mCD45 APC (1:100; #561018) (all BD
Biosciences), and Pacific Blue anti-human CD45 (1:40; #368540;
BioLegend). For the exclusion of death cells, we used either 7-AAD
(1 mg/mL) or DAPI (Sigma-Aldrich). Cells were analyzed using the
LSR Fortessa instrument or sorted using the BD FACSAria III Cell
Sorter (Becton Dickinson, Franklin Lakes, NJ) at the Flow Cytometry
Sorting Facility of Dana-Farber Cancer Institute.

LV integration retrieval and analysis

Briefly, LTR vector-genome junctions were amplified by restriction-
based LM-PCR.22 gDNA (1 mg) was digested overnight at 37�C
with the Tru91 restriction enzyme (Roche), purified by NucleoSpin
Gel and PCR Clean-up kit (MACHEREY-NAGEL), and ligated over-
night to a TA-protruding double-stranded DNA linker by T4 DNA
Ligase (New England Biolabs), as previously described.22 Ligated
DNA was purified, digested overnight at 37�C with SacI (Roche),
and purified again. Multiple nested PCRs (10–20) were performed
with specific primers annealing to the linker and the vector LTR,
adapted to Illumina sequencing and containing a 4 bp sample-specific
barcode for sample identification. Libraries were quantified on
NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific) and
loaded on a 1% agarose gel for amplicon size selection. Amplicons
ranging from 200 to 500 kb were manually extracted from the gel
and purified using NucleoSpin Gel and PCR Clean-up kit. About
1 mg of the final libraries were subsequently processed with MiSeq Re-
agent Kit version 3 (2 � 300 bp pair-end sequencing) following the
manufacturer’s instructions, bar-coded with a 6 bp sample-specific
tag, and sequenced to saturation on an Illumina MiSeq machine at
IGA Technology Services (Udine, Italy). Raw reads resulting from Il-
lumina paired-end sequencing were bioinformatically trimmed to
recover the human genome sequences adjacent to the proviral LTR,
as previously described,35 and mapped on the reference genome (hu-
man NCBI Hg38) using the BWA-MEM software (>95% identity).36

The genomic coordinates of the first nucleotide in the host genome
adjacent to the viral LTR were indicated as ISs. ISs originated by
different reads mapping in the same genomic position were collapsed
recovering the number of corresponding reads (read count). Unique
ISs were annotated on the RefSeq gene database as intergenic or
herapy: Methods & Clinical Development Vol. 31 December 2023 9
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intragenic (exonic or intronic). Genes (defined by the most upstream
transcription start site to the most downstream end) hosting at least
one IS were identified as target genes. The threshold to define the top
1% most targeted genes was defined as the 0.99 percentile of the gene
targeting score (number of ISs falling inside a gene body). Biological
function enrichment in the list of LV target genes was assessed
with the statistical overrepresentation test and statistical enrichment
test of the Gene Ontology Resources software available at http://
geneontology.org on the basis of the PANTHER knowledgebase clas-
sification system.37 Cancer Gene List38 was obtained from Bushman
Laboratory (University of Pennsylvania, Philadelphia) at http://
www.bushmanlab.org/links/genelists.

Statistical analysis

Student’s t test or ANOVA with multiple pairwise comparisons was
used to compare two or more groups, while the chi-square statistic
was used to compare frequencies, unless differently indicated in the
figure legends. Differences were considered statistically significant
at values of *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
In all figures with error bars, the graphs depict mean (SD) unless
otherwise indicated in the figure legend.
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